Introduction
Glass fragments are one of the most important items of physical evidence in the criminal investigation of a theft, in which someone robbed a property in a house or a vehicle after breaking its window glass. If tiny glass fragments found on the clothes of a suspect can be proved to originate from the broken window glass, they can be valuable physical evidence to associate the suspect with the crime. [1] [2] [3] [4] [5] [6] The forensic glass comparison mentioned above has been conducted by measuring the refractive index (RI) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and conducting an analysis of the elemental compositions using procedures such as X-ray fluorescence spectrometry (XRF), 6, 8, 12, [15] [16] [17] [18] [19] [20] [21] [22] inductively coupled plasma atomic emission spectrometry (ICP-AES) 8, 15, [23] [24] [25] and mass spectrometry (ICP-MS). 5, 6, 9, 12, 18, [26] [27] [28] [29] An RI measurement can be applied to a glass fragment smaller than 0.1 mm in a maximum width without its destruction. This method has another advantage of simple sample preparation and short measurement time. However, it should be noted that the RI measurement has a greater disadvantage of incorrect matching than elemental analysis, because discrimination is based on a comparison of only one variance. In addition, it is reported that the discrimination power (rate of the number for distinguishable pairs to that for all possible pairs among a group) of RI has been decreased as the consequence of advanced quality control in glass manufacturing. 30 The analysis of elemental compositions has a great advantage of a higher discrimination power over the RI measurement, because a comparison of a greater number of elements results in less probability of incorrect matching. 8, 9 Out of elements contained in glass, trace impurities, which are not part of quality control during the manufacturing process, are significantly useful for the discrimination of glass fragments. Simultaneous multi-element analysis and high sensitivity achieved by ICP-MS make this analytical instrument one of the most suitable methods to obtain qualitative and quantitative data for trace impurities in glass. However, this method requires the consumption of a large amount of sample (2 -10 mg) and complex, time-consuming pretreatment. In a real case, the application of elemental analysis by ICP-MS should be limited only to glass fragments that can not be distinguished by an RI measurement to complete the examination of as many glass fragments as possible in a short time with a sufficiently high discrimination power.
Recently, a number of burglary cases have been committed through the destruction of a windowpane by heating it with fire from a burner. The discrimination of glass fragments collected at a scene of this type of crime by an RI measurement may provide an incorrect result of differentiation because the RI of fragments examined can be changed from the original value due to exposure to the high temperature of fire. Elemental analysis without an RI measurement will be useful for the discrimination of glass if the elemental composition of glass fragments is not affected by heating. However, the effect of heating by fire on the elemental compositions of glasses has never been investigated.
In this study, a series of same glass samples were subjected to RI measurements and trace impurity analysis by ICP-MS before and after heating. It was also investigated whether trace impurity analysis by ICP-MS without an RI measurement is effective for accurate discrimination among a mixture of heated and non-heated glass fragments. The effect of heating on the refractive index (RI) and trace elemental compositions of glass was investigated in order to develop an accurate discrimination method of glass fragments exposed to the high temperature of fire on illegal entrance into a crime scene for robbery. Fragments taken from 5 different sheet glasses were subjected to RI measurement and analysis of trace elements using ICP-MS before and after heating at 764˚C for 2 min. The difference in the RI between the heated and non-heated fragments ranged from 0.0012 to 0.0015, which corresponds to 6 times more than the variation of the RI within a pane of glass. In contrast, profiles of 10 elements (Co, Rb, Sr, Zr, Mo, Ba, La, Ce, Nd and Pb) in glass exhibited no significant difference between the heated and non-heated ones. In conclusion, the forensic discrimination of glass fragments must be performed not by RI measurement, but by analysis of the elemental compositions when glass evidence could be exposed to the high temperature of fire. 
Experimental

Instruments
The RI measurement system used in this study was a phasecontrast microscope with a hot stage (Model FP82HT (METTLER, Greifensee, Switzerland)) and a control unit (Model GRIM3 (foster + freeman, Worcestershire, UK)) attached. A halogen bulb lamp was used together with an interference filter of 589 nm as a light source in the RI measurement. The heating of glass fragments was performed using a curie-point pyrolyzer (Model JHP-3S (Japan Analytical Industry, Tokyo, Japan)). An ICP-MS instrument (Model 7500c (Agilent Technologies, Tokyo, Japan)) was employed for the analysis of trace impurities in glass. The ICP-MS instrument was operated without a sample-introduction system resistant to hydrofluoric acid equipped. The operating conditions for the ICP-MS instrument are given in Table 1 .
Chemicals
Silicone oil SH710 was purchased from Toray·Dow Corning Silicone (Tokyo, Japan) for RI measurements. Purified water used throughout the present experiment was prepared with a Milli-Q SP system (Nihon Millipore, Tokyo, Japan). Hydrofluoric, hydrochloric and nitric acids of ultrapure grade by Kanto Chemical (Tokyo, Japan) were used for sample preparation. Multi-element standard stock solutions contaning 10 mg mL -1 of each element were made by mixing singleelement standard solutions for atomic absorption spectrometry (1000 mg mL -1 ), which were purchased from Kanto Chemical. A standard stock solution of Rh as an internal standard was prepared in the same way. Working standard solutions for calibration were prepared by diluting the above-mentioned multi-element standard stock solution.
Samples
Eight kinds of standard glass samples (B2, B3, ·B9, LOCKE SCIENTIFIC, Hampshire, UK) with certified RI values were used to make a calibration curve between the RI of silicone oil and temperature. NIST Standard Reference Material 612 (Trace Elements in Glass) was used to evaluate the accuracy and precision of the analytical results achieved by the present method.
The sheet-glass samples listed in Table 2 were collected and used for experiments to investigate the effect of heating on RI and the elemental compositions of glass fragments. They were washed with water, dried in the air and broken into small pieces wrapped in a sheet of paper with a hammer. Some fragments taken from each of these glass samples were subjected to RI measurements and elemental analysis by ICP-MS after heating at 485, 590, 670, 764, 920 and 1040˚C for 0.5 -4 min, while others were not heated.
Procedures
Refractive index measurement. A piece of each glass sample was crushed into smaller fragments of appropriate sizes (approximately 0.5 mm or smaller) with an agate mortar after washing with ethanol and drying in the air. These fragments were mounted in silicone oil and observed with a microscope as the temperature of the hot stage was varied at 4˚C min -1 . The match temperature at which glass became invisible due to the same RI with the oil was measured. The refractive index of the glass was calculated using the match temperature and the calibration curve. The measurement of RI was repeated 5 times for each sample using different fragments. 10 Analysis of trace elements by ICP-MS. Each piece of a glass sample was washed with ethanol and water before use. After being dried in an oven, this piece was crushed into smaller fragments of appropriate size (approximately 2 mg or smaller) with an agate mortar. These glass fragments were decomposed by a procedure adapted from the work of Parouchais et al. 31 Approximately 2 mg of these fragments was accurately weighted, transferred into a polypropylene tube of 15 mL, followed by the addition of 300 mL of HF, 150 mL of HCl, and 150 mL of HNO3. After 2 h of ultrasonication with the cap closed, the tube was opened and heated at 80˚C on an aluminum block until the sample was completely dried so as to remove any Si and HF from the tube. The sample was then reconstituted using 800 mL of 4 mol L -1 HNO3, 20 mL of 10 mg mL -1 Rh in 0.8 mol L -1 HNO3, and 680 mL of purified water, then left overnight with the cap closed. After 2500 mL of purified water was added and vigorously mixed by hand, this sample solution was used for elemental analysis with ICP-MS.
Results and Discussion
Effect of heating on RI of glass
The effect of the heating temperature and time on the RI of glass was investigated as follows. In the first experiment, the RI of glass fragments was measured after they were heated at 485 -1040˚C for 2 min. In the second experiment, an RI measurement was performed for glass fragments heated at 764˚C for 0.5 -4 min. In each experiment, the RI measurement was repeated 5 times using different fragments taken from each of 5 sheet glasses. The results are shown in Figs. 1 and 2 , respectively. As can be seen in Fig. 1 , the relationship between the heating temperature and the RI of glass was divided into three different ranges. Heating at 485˚C caused no significant change in the RI of all glass samples. In the range from 485 to 764˚C, the RI of glass gradually decreased with an increase of the heating temperature. No considerable change in the RI of glass was observed by heating at higher than 764˚C. From these results, heating of glass was performed at 764˚C in the following experiments, because the decrease in the RI of glass became constant by heating above this temperature. Figure 2 demonstrates that the change in the RI of glass by heating was completed within 30 s and that no further change in the RI of glass was caused when heating was continued for more than 1 min. From this result, the heating time was chosen to be 2 min in the following experiments, because heating should be continued for a sufficiently long time in order to eliminate the effect of parameters out of accurate control, such as the fragment size and the shape.
The differences in the RI between heated and non-heated glasses are summarized in Table 3 . Each of 5 glass samples showed a difference greater than 0.001 in RI between heated and non-heated ones. It is reported that variation of RI within a pane of sheet glass is less than 0.0002. 8, 10 Two pieces of glass fragments are considered to originate from different sources when they provide a larger difference in RI than this decision range of identity. The difference in RI between the heated and non-heated glasses obtained by this experiment is approximately from 6 to 7 times larger than the decision range of identity. These results indicate that the screening of glass fragments by a comparison of the RI can lead to incorrect differentiation in a case where heating with fire was employed to break a sheet glass. It should be emphasized that forensic discrimination of glass fragments in a similar case must be performed by the comparison of other parameters, which are not changed by exposure to high temperature.
Selection of elements for discrimination
In a forensic comparison of evidential materials on the basis of elemental compositions, useful elements must be preliminarily selected for discrimination among a group of materials. 9, 18, 19, 21, 26, [32] [33] [34] [35] [36] For this purpose, the mass spectrum of each sheet glass sample was measured in the atomic mass range from m/z = 50 to m/z = 210 while the sample solution was introduced into ICP-MS. The spectra of samples 4 and 5 are shown in Fig. 3 , for instance. The ratio of Zr to Sr in ion intensity is lower for sample 4 than that for sample 5. The peak of Mo is identified not in sample 4, but in sample 5. A considerable difference is observed between the two samples in ion intensities of La and Pb. These results demonstrate that a comparison of the concentrations for these elements makes it possible to distinguish these two glass samples. Mass spectra of all possible pairs among the 5 glass samples were compared in a similar way. As a result, 10 elements (Co, Rb, Sr, Zr, Mo, Ba, La, Ce, Nd and Pb) were selected for qualitative analysis in further experiments, because these elements showed considerable differences of the ion intensities in any of the compared pairs.
Analytical results for standard sample
The selected 10 elements in NIST SRM 612 were determined by the present method in order to estimate the accuracy and precision of analytical results obtained by this method. Results are given in Table 4 . Sample preparation and measurement by ICP-MS was repeated 5 times independently. The detection limits were calculated as the concentration of each element in glass which provided three times as high ion intensity as the standard deviation of that for a blank solution containing only reagents.
As can be seen in Table 4 , the observed values for 8 elements show good agreement with the certified and/or reference values, which supports the following two ideas. First, Si and HF in a sample solution could be removed so completely through heating to dryness that the concentrations of these two components remaining in the sample solution are negligible. Second, precipitations of these 8 elements produced by drying, including fluoride of lanthanoids (La, Ce and Nd), could be quantitatively dissolved by reconstituting.
It is rather valuable for effective source discrimination that the relative standard deviations (RSDs) for these elements are lower than 3.0%. This result also indicates that a comparison of the analytical results by this method can offer excellent discrimination capability if glass samples are sufficiently homogeneous and exhibit a much larger concentration range of trace elements across different sources than the variation within a pane of glass.
Comparison of the elemental composition between heated and non-heated sheet glasses
Non-heated and heated fragments were prepared from 5 different sheet glasses, and 10 elements in these fragments were determined by the present method. Figure 4 shows a comparison of the analytical results between the non-heated and heated fragments obtained by repeating sample preparation and measurement by ICP-MS 5 times independently. Discrimination of these samples by analytical results was performed as follows. The ranges (mean ± 2SD) of each element were compared between two samples. If the ranges overlapped for all elements, then the samples were considered to be indistinguishable, whereas if the ranges for one or more elements were separated, then the samples were considered to be distinguishable. All 10 pairs among the 5 different sheet glasses could be discriminated by this method.
A number of studies have reported that comparisons of elemental compositions are useful for the forensic discrimination of glass fragments, 5, 6, 8, 9, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and it is not pointed out again in this paper. What should be emphasized here is that a good correlation was observed in the elemental profiles between the non-heated and heated fragments in any of the 5 glasses. For instance, the concentrations of Ce in samples 3 and 5 were considerably higher than those in the other 3 samples. A relatively large amount of Mo was found only in sample 5. These characteristics with the elemental profiles were preserved even after exposure to high temperature. This result supports the opinion that a comparison of elemental profiles by the present method enables accurate discrimination among a mixture of non-heated and heated glass fragments, because the effect of heating on the elemental composition is negligible.
In conclusion, forensic discrimination of glass fragments must be performed only by the analysis of elemental compositions when glass evidence could be exposed to high temperature of fire on its destruction. Discrimination by the RI measurement should not be employed before elemental analysis because the effect of heating is negligible on the elemental compositions, but significant on RI.
